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Abstract:We report herein the catalytic triboration of terminal
alkynes with B2pin2 (bis(pinacolato)diboron) using readily
available Cu(OAc)2 and P
nBu3. Various 1,1,2-triborylalkenes,
a class of compounds that have been demonstrated to be
potential matrix metalloproteinase (MMP-2) inhibitors, were
obtained directly in moderate to good yields. The process
features mild reaction conditions, a broad substrate scope, and
good functional group tolerance. This copper-catalyzed reac-
tion can be conducted on a gram scale to produce the
corresponding 1,1,2-triborylalkenes in modest yields. The
utility of these products was demonstrated by further trans-
formations of the CB bonds to prepare gem-dihaloborylal-
kenes (F, Cl, Br), monohaloborylalkenes (Cl, Br), and trans-
diaryldiborylalkenes, which serve as important synthons and
have previously been challenging to prepare.
Organoboronic acids and their derivatives (boronate esters,
trifluoroborates, and boroxines) play a critical role in organic
synthesis, materials science, and pharmaceutical develop-
ment.[1] In particular, alkenylboron compounds have been
utilized for the stereodefined construction of valuable multi-
substituted alkenes, including natural products, biologically
active molecules, and functional materials.[2] These species
can be categorized into three classes, namely monoborylal-
kenes, diborylalkenes, and triborylalkenes (Scheme 1).
Syntheses of monoborylalkenes and diborylalkenes have
been well established. Various alkenylboronates are conven-
tionally available through hydroboration and diboration of
alkynes and dehydrogenative borylation of alkenes. Mono-
borylalkenes are typically synthesized by hydroboration of
terminal or internal alkynes. These reactions are often
promoted by metal catalysts, such as Rh,[3] Ru,[4] Pd,[5] Ti,[6]
Ir,[3e] Cu,[7] Ni,[3c] Fe,[8] Au,[9] Al,[10] Co,[11] or Mg,[12] and, in
some cases, they proceed under metal-free conditions (Sche-
me 2a).[13] In addition, the metal-catalyzed dehydrogenative
borylation of alkenes has been reported as a route to
monoborylalkenes or gem-diborylalkenes (Scheme 2a).[1a,14]
The diboration of alkynes is a particularly attractive tool for
the synthesis of 1,2-diborylalkenes.[2a,15] The first metal-
catalyzed diboration of alkynes was reported by Suzuki and
Miyaura in 1993 using a Pt catalyst,[16] and significantly
improved Pt catalyst systems were reported by our group.[17]
During the last few years, Pd,[18] Cu,[19] Co,[11c,20] Fe,[21] Zn,[14x]
and metal-free[22] systems were reported for the diboration of
alkynes, which provide practical and economic alternatives to
the Pt-catalyzed processes (Scheme 2b).[16–17,23] However, the
availability of diverse multiborylalkenes is quite limited
because of the lack of efficient and versatile synthetic
methods. All of these methods, albeit useful, have limitations,
and therefore do not provide access to certain types of
multiborylalkenes.
Interestingly, in 1996, in our previous study on the Pt-
catalyzed diboration of alkynes,[23c] we found that a novel
1,1,2-triborylalkene was formed by desilylative borylation
and subsequent diboration of bis(trimethylsilyl)acetylene
with B2pin2 (Scheme 3a). Since then, only two methods
have been developed for the preparation of 1,1,2-triborylal-
kenes. One is the Pt-catalyzed diboration of alkynylboronates,
which are usually synthesized using Grignard reagents or
organolithium reagents (Scheme 3b).[23e,24] Recently, Ozerov
and co-workers disclosed an Ir-catalyzed synthesis of 1,1,2-
triborylalkenes through a two-step reaction of terminal
alkynes with HBpin under an atmosphere of CO (Sche-
me 3c).[25] These methods suffer from major or minor draw-
backs, such as weak functional group tolerance, tedious
Scheme 1. Classification of alkenylboron species.
Scheme 2. Synthesis of monoborylalkenes and diborylalkenes.
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procedures, or expensive catalysts. On the other hand, 1,1,2-
triborylalkenes (2a and 2r) have been shown to be potent
matrix metalloproteinase (MMP-2) inhibitors.[26] Therefore,
the development of efficient and versatile chemical trans-
formations for the synthesis of diverse multiborylated alkenes
from easily available starting materials is highly desirable.
Herein, we report a novel and straightforward copper-
catalyzed synthesis of 1,1,2-triborylalkenes from terminal
alkynes.
Our initial studies showed that triboration of phenyl-
acetylene (1a) could be achieved in toluene at 80 8C in 38%
isolated yield in the presence of Cu(OAc)2, P
nBu3, the
diboron(4) reagent B2pin2, and
iPr2EtN (Hnigs base) as
a stoichiometric additive, together with 32% monoborylal-
kene (Table 1), which was formed
by competing hydroboration of the
alkyne.
By screening Cu catalyst pre-
cursors, we identified Cu(OAc)2 as
the most effective one (Table 1,
entry 1). The desired product was
not observed when Cu(OTf)2 or
CuCl2 was used (entries 2 and 3).
Addition of 20 mol% KOAc to the
CuCl2 and CuCl systems was also
effective, which indicated that
AcO plays an important role in
this reaction and that the efficiency
of a CuII precursor is somewhat
higher than that of a CuI one
(entries 4 and 5). Other phosphine
ligands, such as PPh3 or PCy3,
afforded low yields of 2a (entries 7
and 8). Switching from phosphine
ligands to nitrogen ligands (phen
and bpy) gave no product (entries 9
and 10). As depicted in entries 11
and 12, the yield dropped when the
reaction was conducted at either
60 8C or 90 8C. In the absence of
Hnigs base, a lower yield was
obtained (entry 13). To avoid the
alkyne hydroboration side reaction,
benzophenone, 2-norbornene, and acrylonitrile were tested as
hydrogen (BH) acceptors instead of Hnigs base.[14q,s,t] The
desired product was formed in good yield when acrylonitrile
was used (entries 14–16). A high yield (73%) was obtained
when the reaction time was decreased from 24 h to 4 h
(entry 17). As shown in entries 18 and 19, control reactions
revealed that Cu(OAc)2 and the ligand were both essential for
this reaction.
With optimized reaction conditions in hand, the tribora-
tion of a wide variety of terminal alkynes 1 was tested
(Table 2). A range of both donor- and acceptor-substituted
aromatic alkynes were found to work well, affording the
corresponding triborylalkenes in moderate to good yields
(2a–2m). Arylalkynes bearing electron-donating functional
groups such as Me, OMe, and NMe2 smoothly reacted with
B2pin2 to yield the corresponding triborylalkenes (isolated in
35–72% yield). F-, Cl-, and CF3-substituted arylalkynes were
all viable substrates, giving moderate to high yields (47–72%)
of 2. In particular, the tolerance of halide substituents, such as
F and Cl, provides possibilities for further functionalization.
Unfortunately, substrates bearing strongly electron-with-
drawing groups, for example, CN and CO2Me, were not
well tolerated by this system (2h and 2 i).[27] The isolated
yields obtained for para-substituted arylalkynes were higher
than those for meta- and ortho-substituted substrates (e.g.,
compare 2b/2c, 2d/2e/2 f, and 2j/2k). Polyaromatic and
heteroaromatic substrates, for example, 2-ethynyl-6-meth-
oxynaphthalene and 3-ethynylthiophene, reacted to give the
desired products in moderate and good yields (2n : 49%; 2o :
61%).
Table 1: Optimization of the reaction conditions.[a]
Entry Catalyst Ligand Additive Yield 2a[b] Yield 3a
1 Cu(OAc)2 P
nBu3
iPr2EtN 45% (38%
[c]) 32%
2 Cu(OTf)2 P
nBu3
iPr2EtN 0% 2%
3 CuCl2 P
nBu3
iPr2EtN 0% 0%
4c CuCl2 P
nBu3
iPr2EtN 42% 26%
5[c] CuCl PnBu3
iPr2EtN 22% 34%
6 CuOAc PnBu3
iPr2EtN 29% 20%
7 Cu(OAc)2 PPh3
iPr2EtN 18% 40%
8 Cu(OAc)2 PCy3
iPr2EtN 33% 23%
9 Cu(OAc)2 phen
iPr2EtN trace 8%
10 Cu(OAc)2 bpy
iPr2EtN 0% 4%
11[d] Cu(OAc)2 P
nBu3
iPr2EtN 14% 39%
12[e] Cu(OAc)2 P
nBu3
iPr2EtN 31% 18%
13 Cu(OAc)2 P
nBu3 – 28% (16%) 28%
14 Cu(OAc)2 P
nBu3 benzophenone 48% 22%
15 Cu(OAc)2 P
nBu3 2-norbornene 59% (50%) 16%
16 Cu(OAc)2 P
nBu3 acrylonitrile 69% (66%) 12%
17[f] Cu(OAc)2 P
nBu3 acrylonitrile 78% (73%) 11%
18[f] Cu(OAc)2 – acrylonitrile 0% 0%
19[f] – PnBu3 acrylonitrile 0% 0%
[a] Reaction conditions: 1a (0.2 mmol), B2pin2 (0.6 mmol), Cu catalyst (0.02 mmol), ligand
(0.04 mmol), and additive (0.2 mmol) in toluene (2 mL) at 80 8C. [b] Yields were determined by GC/MS
analysis with n-dodecane as an internal calibration standard. Yields of isolated products are given in
parentheses. [c] 20 mol% KOAc. [d] 60 8C. [e] 90 8C. [f ] 4 h.
Scheme 3. Synthesis of triborylalkenes.
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Furthermore, both linear-alkyl- and cycloalkyl-substituted
alkynes afforded the desired products in good yields (2p–2u,
54–74%). Even though it has a high degree of ring strain,
a cyclopropyl moiety was retained after the reaction, provid-
ing the target product in a slightly lower yield (54%) than its
cyclopentyl and cyclohexyl analogues (64% and 71%,
respectively). The conjugated 1,3-enyne 1-ethynylcyclohex-
ene was also tested, and borylation occurred only at the triple
bond, giving 2v in 52% yield, which indicated the high
chemoselectivity of this reaction. The structure of the
triborylalkene products was exemplified by a single-crystal
X-ray diffraction study of 2a (Table 2, bottom). To highlight
the practicality of this method, this reaction was carried out
on a gram scale, affording 2a in 48% yield.
We propose that an alkynylbor-
onate is an intermediate in this
reaction. Indeed, when using alky-
nylboronate 4a as the starting mate-
rial, under the standard conditions
(with or without added acryloni-
trile), the 1,1,2-triborylalkene was
isolated in 87% yield and no side
product was observed (see the Sup-
porting Information, Scheme S2).
Monitoring a reaction by in situ
19F NMR spectroscopy and GC/MS
(Figure S1) showed that the alkyne
substrate was converted into the
alkynylboronate from which the
final 1,1,2-triborylalkene product
was subsequently formed. Deute-
rium labeling studies were con-
ducted using 1-deutero-2-phenyle-
thyne as the substrate. Under the
standard conditions, 5-d was pro-
duced from the hydroboration of
acrylonitrile, which was confirmed
by HRMS (Scheme S3 and Fig-
ure S4). The above result indicated
that electron-deficient alkenes were
more reactive than alkynes for
hydroboration and acted as a sacri-
ficial borane (HBpin) scavenger to
drive the catalysis toward alkyne
triboration and away from hydro-
boration.
On the basis of our experimen-
tal observations (see also Schem-
es S2 and S3) and precedents
regarding related catalytic dehydro-
genative borylation processes,[29]
a plausible mechanism is proposed
in Scheme 4. The terminal alkyne
reacts with [LnCuOAc],
[30,31] which
is formed from Cu(OAc)2 and
a phosphine ligand, followed by
reduction,[19b,32] to afford alkynyl-
copper intermediate B.[33] Inter-
mediate B undergoes s-bond meta-
thesis with B2pin2 to afford the alkynylboronate 4, as well as
the copper–boryl complex C.[29c,34] Insertion of alkynylboro-
nate 4 into a CuB bond in C generates alkenylcopper species
D, which undergoes s-bond metathesis with B2pin2 to give the
desired 1,1,2-triborylalkene 2.[19b] Hydroboration of acryloni-
trile is faster than that of alkynes, which suppresses the alkyne
hydroboration side reaction and improves the efficiency of
the triboration process. Byproduct 5 could be formed from
alkylcopper intermediate E, which is generated by insertion
of acrylonitrile into the CB bond of C.
To explore the versatility of 1,1,2-triborylalkenes in
synthesis, we conducted a Suzuki–Miyaura cross-coupling
reaction of the triborated product 2 with aryl iodides. The
1,1,2-triborylalkene reacted selectively to form a new CC
Table 2: Scope of the triboration of terminal alkynes.[a]
[a] Reaction conditions: 1 (0.2 mmol), B2pin2 (0.6 mmol), Cu(OAc)2 (0.02 mmol), P
nBu3 (0.04 mmol),
and acrylonitrile (0.2 mmol) in toluene (2 mL) at 80 8C. Yields of isolated products are given. [b] The
reaction was performed on 5 mmol scale.
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bond, providing trans-diaryldiborylalkene 6 (Scheme 5A).
The E-configuration of 6b was confirmed by single-crystal X-
ray diffraction (see Figure S6). Compound 2d reacted selec-
tively with Selectfluor, affording gem-difluoroborylalkene 7a
in 93% isolated yield (Scheme 5B). Only two examples had
previously been reported for the synthesis of this type of
product, but small quantities of borylated fluoroalkenes were
observed using polyfluoroalkenes as substrates.[28] In addition,
treatment of 2 with N-chlorosuccinimide (NCS) or N-
bromosuccinimide (NBS) furnished selectively either the
monohalo-diborylated alkene (Cl and Br, 8 and 10) or the
dihalo-monoborylated alkene (Cl and Br, 9 and 11) products
in good yields, depending on the amount of NCS and NBS
added and the reaction time. The
structure of the 10b was confirmed by
single-crystal X-ray diffraction (see
Figure S7). To the best of our knowl-
edge, this is the first time that products
of these types (8–11) have been pre-
pared, which clearly have potential for
further use in cross-couplings and other
reactions.
In conclusion, a convenient copper-
catalyzed triboration of terminal
alkynes has been developed. A variety
of functional groups are tolerated, and
diverse 1,1,2-triborylalkenes were
obtained in moderate to good yields.
The products were applied in the syn-
thesis of unsymmetrically substituted
trans-diaryldiborylalkenes and halo-
borylalkenes, which are expected to
serve as useful building blocks. Addi-
tional explorations of the application of
triborylalkenes and detailed mechanis-
tic studies are currently underway.
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